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Abstract
The one-loop effective potential is a powerful tool in studying the electroweak
symmetry breaking of supersymmetric theories, whose precise calculation may have
important phenomenological consequences. In this work, we are correctly treating
the contribution of the Higgs sector to the effective potential and refine the radiative
corrections to the Higgs mixing parameter µ, which is known to affect greatly the
supersymmetric spectrum. Working at the average stop scale to minimize the effect
of the stop sector, we find additional corrections which can play a dominant role
in the Focus Point region of the parameter space of the MSSM. The comparison
of our results with those of the literature is discussed. We also discuss the gauge
dependence of the effective potential and its effect on the µ parameter in analyses
where this is determined from the 1-loop minimization conditions of the effective
potential.
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1 Introduction
The one loop effective potential [1] is a powerful means in studying supersymmetric the-
ories in order to extract information concerning the parameters describing the theory
and consequently physical quantities, e.g. the mass spectrum of the particles involved.
Extensive studies have been done on this subject, and the radiative corrections to the
Higgs masses have been computed using the effective potential approach and have been
compared to those arising from the location of the poles of the propagators [2–10] . The
main purpose of this note is the proper treatment of the Higgs contributions to the one
loop corrected potential, which although small may play a crucial role in the aforemen-
tioned studies in particular regions of the parameter space describing the supersymmetric
models. In our study we have as a prototype the constrained Minimal Supersymmetric
Standard Model (CMSSM), involving terms that break supersymmetry (SUSY) softly.
By imposing universal boundary conditions at the unification scale MGUT , the model is
defined by five parameters, namely, the common mass of all scalar fields m0, the common
gaugino mass M1/2 and the soft trilinear coupling A0, the ratio of the Higgs v.e.v ’s, tan β,
and the sign of the Higgs mixing parameter µ. The Higgsino and Higgs mixing parameters
µ,m23 are not free but they are determined through the minimization conditions. This is
the line followed in numerous phenomenological analyses carried out so far. Our findings
can be easily extended in cases where non-minimal cases are considered, such as departure
from the universal boundary conditions and/or extension to include CP violating phases
and so on.
The total one-loop effective potential, at a reference scale Q, is V1(Q) ≡ V0(Q) +
∆V1(Q), with V0 the tree level scalar potential,
V0(Q) = m
2
1(Q)
(|H01 |2 + |H−1 |2) + m22(Q) (|H02 |2 + |H+2 |2)
+
[
m23(Q)
(
H01 H
0
2 − H−1 H+2
)
+ h.c.
]
(1)
+
g2 + g′2
8
(|H01 |2 + |H−1 |2 − |H02 |2 − |H+2 |2)2 + g22 (H−1 H0∗2 + H01H+∗2 )2 ,
where and m21,2 = m
2
H1,2
+ µ2 and mH1,2 are the soft Higgs masses. ∆V1 is the one-loop
correction to the effective potential given by
∆V1 =
1
64pi2
∑
J
(−1)2sJ (2sJ + 1)m4J
(
ln
m2J
Q2
− 3
2
)
. (2)
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In this mJ are field dependent masses and sJ denotes the spin of the J-particle. The
minimization of the one-loop corrected effective potential V1 yields the following conditions
[11]:
sin 2β = − 2m
2
3
m¯21 + m¯
2
2
,
M2Z
2
=
m¯21 − m¯22 tan2 β
tan2 β − 1 , (3)
where 1
m¯2i ≡ m2i + Σi , tanβ =
υ2
υ1
and
Σi ≡ ∂V
1
∂(ReH0i )
2
∣∣∣∣〈H0i 〉 . (4)
From (3) it is found that the one loop corrected µ is related to its tree level expression
by
µ2loop = µ
2
tree +
Σ1 − tan2 β Σ2
tan2 β − 1 . (5)
The value of µ2tree is defined by the same minimization conditions with the loop corrections
to the scalar potential set to zero,
µ2tree = −
MZ
2
2
+
m2H1 − tan2 β m2H2
tan2 β − 1 . (6)
However the loop corrections in eq. (3) are very important, at least in certain regions of
the parameter space, and should be duly taken into account.
It should be stressed that the renormalization scheme we use throughout is the mini-
mal subtraction DR scheme and we consider the value of µ as an output stemming from
the 1-loop minimization conditions of the effective potential, eq. (3). This is the proce-
dure followed in many analyses found in the literature. When working in such a scheme
the gauge independence of tan β is not guaranteed, unlike ”on-shell” schemes (OS) where
δυ1
υ1
=
δυ2
υ2
is imposed by adjusting properly the counterterms [9, 10]. In the DR min-
imal subtraction scheme, keeping tanβ fixed makes other parameters derived from the
minimization conditions, notably the µ parameter, to be gauge dependent. This is not a
problem since physical quantities after all, such as superparticle masses, are gauge inde-
pendent if they are computed as poles of the 1-loop loop corrected propagators. However,
at the tree level approximation, used sometimes for simplification purposes, some masses
as for instance those of the chargino and neutralino, depend sensitively on µ and there
1In our notation: vi ≡
〈
H0
i
〉
, v1 ≡ v√
2
cosβ, v2 ≡ v√
2
sinβ, M2
W
= g2(v2
1
+ v2
2
)/2 = g2v2/4 .
2
is nothing to cancel its gauge dependence if tree level approximation is employed. This
may be a problem unless the gauge dependence of µ is imperceptibly small. This issue
will be also discussed in this note. From the discussion above it becomes obvious that
our findings are relevant to those who employ the DR minimal subtraction scheme, in the
sense we described, rather than to OS- schemes users.
This paper is organized as follows. In section 2, we improve the analysis concerning
the contribution of the Higgses to the quantities Σ1,2 in the Landau gauge. The refined
Σ ′s obtained are different from those usually found in the literature [11] and moreover, we
find that they are important in regions of the parameter space where µ is small ∼ O(MZ),
as is the case in the Focus Point region. We also discuss the relevant one-loop corrections
to the effective potential in the popular ’t Hooft gauge and compare the Σ ′s obtained
in the two gauges, ’t Hooft and Landau. We find that differences are imperceptibly
small, resulting to practically gauge independent values for the parameter µ. In section
3, we demonstrate the impact of these considerations on the calculation of the one-loop
radiative corrections to the µ parameter which greatly affects the spectrum, notably the
neutralino and chargino sector as discussed previously. Finally, in section 4, we present
our conclusions.
2 Improvement to Σ1,2
The contribution of each particle sector to Σ1,2 in the Landau gauge has been extensively
discussed in ref. [11]. The relevant quantities Σ1,2 that enter the minimization conditions
are defined through Σi =
1
2 υi
∂∆V
∂ReH0i
∣∣∣∣
υi
, i = 1, 2. In using this, one should keep in
mind that the substitution of the Higgs v.e.v’s in this expression should be carried out
after taking the derivatives of the 1-loop contribution to the effective potential ∆V with
respect to the real parts of the Higgs fields, and not in the reverse order. Reversing the
order affects the corrections stemming from the Higgs sector leaving those of the other
sectors unaffected. This, we think, has been overlooked in the literature and it is for that
reason that our results concerning the Higgs bosons contributions differ from those quoted
in ref. [11].
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Bearing this in mind, the contributions arising from the Higgs sector are found to be
ΣLandau1 H , h =
α2
64pi cos2 θW
f
(
M2H , h
)(
1± 2cos
2 βM2Z + (sin
2 β − cos 2β)M2A
M2H −M2h
)
ΣLandau2 H ,h = Σ
Landau
1 H ,h (cos β ⇋ sin β) (7)
where MH, h are the tree-level masses of the heavy/light CP - even neutral Higgses respec-
tively and MA that of the CP-odd Higgs given by
M2H, h =
1
2
[
(M2Z + M
2
A ) ±
√
(M2Z + M
2
A )
2 − 4M2Z M2A cos22β
]
(8)
M2A = −
2m23
sin2β
. (9)
As far as the contributions of the remaining Higgses are concerned, we have found
that the CP-odd Higgs contributions are non-vanishing, contrary to what it is claimed in
the literature, given by
ΣLandau1,A = −
α2
64pi cos2 θW
cos 2β f
(
M2A
)
, ΣLandau2,A = Σ
Landau
1,A (cos β ⇋ sin β) , (10)
while the corresponding charged Higgs contributions are given by
ΣLandau1,H± =
α2
32 pi cos2 θW
( 2 cos2 θW − cos 2β )f
(
M2H±
)
ΣLandau2,H± = Σ
Landau
1,H± (cos β ⇋ sin β) . (11)
In the equation aboveMH± is the tree-level charged Higgs boson mass,M
2
H±
= M2A+M
2
W .
In the expressions above the function f (m2 ) is defined by
f (m2 ) = 2m2 (ln
m2
Q2
− 1) . (12)
The scale Q we choose to be of the order of the geometric average of the stop masses,
Q ∼ √mt˜1 mt˜2 , as it is customary in the literature, so as to minimize the 1-loop stop
contributions. Then we can focus only on the contributions from the Higgs particles and
the vector bosons.
The quantities Σ1,2 given above differ from those cited in the literature. In particular
the contribution of the pseudoscalar Higgs (A), is not vanishing as it is stated in [11].
The amount of their difference will be discussed and quantified in the following. As far
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as the gauge bosons contribution is concerned, our findings are in agreement with those
mentioned in the above reference.
Concerning the gauge dependence of Σ1,2 we shall consider the one-loop effective po-
tential in the t’ Hooft gauge and compare it with the corresponding Landau gauge results.
The t’ Hooft gauge is the one employed in many analyses and this is the reason it is chosen
for a comparison against the Landau gauge. Lacking a direct calculation of the effective
potential in the ’t Hooft gauge we shall rely on the tadpole calculation to evaluate Σ1,2
in this gauge. The relation between Σ1,2 and the one loop tadpole graphs, in the same
gauge which we choose to be ’t Hooft’s gauge, is given by
ΣHoofti = −
ti
υi
. , i = 1, 2 (13)
In this υi are the v.e.v’s and ti are defined to be the 1-loop tadpoles divided by the vertex
factor i (2pi)D µ−2ε, where ε = 2 − D/2. The choice of the gauge affects the Σi ′s only
through the Higgs and gauge boson contributions. We define the differences δi between
Landau and ’t Hooft gauge results by
ΣLandaui = Σ
Hooft
i + δi . (14)
That is δi denotes the amount of difference that arises in passing from one gauge to the
other. In the Appendix, we present the explicit expressions for the δi’s stemming from the
gauge boson and Higgs particles contribution at 1-loop order separately for each Higgs
species in the DR scheme. In the following section we shall discuss the impact of the
differences found on the parameter µ and quantify our results.
3 The µ parameter at 1-loop
The Higgs mixing parameter plays a vital role for the phenomenology of the MSSM, af-
fecting particularly the neutralino and chargino sector. By defining ∆µ ≡
√
µ2loop − µ2tree ,
one can estimate the size of the 1-loop effects. In the following we actually study the
dimensionless ratio
∆µ
µtree
as a function of the pseudoscalar mass MA. ∆µ is influenced, in
general, by both differences in Σ1,2 and gauge differences as discussed in section 2. In the
Landau gauge,
∆µ2 =
Σ1 − tan2 β Σ2
tan2 β − 1 (15)
5
where Σi ≡ ΣLandaui are as given in section 2. In the same gauge, according to [11], the
same quantity is
(∆µ2)′ =
Σ′1 − tan2 β Σ′2
tan2 β − 1 . (16)
where primes denote the contributions to the 1-loop effective potential, as given in the
appendix of reference [11].
Concerning the gauge differences, the relation between the ∆µ ’s defined above are
given by, in an obvious notation,
∆µ2Hooft = ∆µ
2
Landau −
δ1 − tan2 β δ2
tan2 β − 1 . (17)
where δi are those of eq.(14) which are analytically given in the Appendix.
In order to quantify these differences one needs the soft Higgs mass parameters m2H1,2 ,
which define µ2tree, at the electroweak scale. For their evolution one can use the findings
of ref. [12]. This is known to be valid for low tanβ and it can be used if one wants to
derive analytic expressions in exploring particular regions of the parameter space. In this
tan β regime, one can safely neglect the evolution of Yukawa couplings for the bottom
quark and the tau lepton and the following 1-loop expressions hold :
m2H1(t) = m
2
0 +M1/2
2g(t) (18)
m2H2(t) = M1/2
2 e(t) + A0M1/2 f(t) +
(
m20 h(t)− A20 k(t)
)
(19)
The variable t parametrizes the energy scale, t = ln
M2GUT
M2Z
and the functions g, e, f, h, k
are given in the above reference. We are aware of the fact that this approximation
holds for low values of tan β as stated previously. However, these analytic expressions
help us locate the Focus Point region [13], the significance of which is emphasized in
the following. For larger values of tanβ, the b and τ contributions are important and
should not be neglected. In our numerical approach, for larger values of tanβ & 7, these
contributions are duly taken into account. In fact we numerically solve the 2-loop RGEs
of the parameters involved and we also take into consideration other SUSY corrections to
the Yukawa couplings which start being important for large values & 40 of tan β. Then,
the tree level mass of the pseudoscalar Higgs (A), entering the expressions for Σ′s, at the
electroweak scale is given by
M2A = m
2
H1
+ m2H2 + 2µ
2
tree. (20)
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In order to demonstrate the importance of the differences mentioned before, we focus
on these regions of the parameter space where the value of the ratio
∆µ
µtree
becomes sub-
stantial. It is in this region where the effects are expected to be enhanced. This occurs
when m2Hi ∼ Σi. Therefore, we restrict our analysis to these domains of the parameter
space which are characterized by rather large values of tan β & 7 and referred to as the
hyperbolic branch (HB) of the radiative breaking [13]. In this region, the loop corrections
to µ are significant. The soft parameters, m0 and/or M1/2 can take very large values
while µ stays relatively small, of the order of the electroweak scale. This last remark is
of a particular interest, since we have estimated that (∆µ2)′ − ∆µ2 ∼ O(M2Z). Thus
the differences found can be important only if µ is of the order of MZ , as it occurs in a
subset of the HB, the so called Focus Point (FP) region [14,15]. This is characterized by
relatively low values of M1/2, large m0, of the order of a few TeV and the values for µ
are close to the electroweak scale. Thus, in the following, we further limit our analysis to
this particular region which is both phenomenologically and cosmologically interesting.
Regarding the latter the LSP neutralino in this region is a mixture of Bino and Higgsino
and the Higgsino impurity allows for rapid s-channel LSP annihilations, resulting to low
neutralino relic densities, at experimentally acceptable levels.
We first compare the ratios ∆µ/µtree, as calculated in this work, with (∆µ)
′/µtree,
found in [11], both with the effective potential contributions calculated in the Landau
gauge. In fig.1, we plot these ratios for two different input values of tanβ and M1/2.
In every case, the solid lines are the ratios ∆µ/µtree and the dashed lines are the ratios
(∆µ)′/µtree. In the upper panel of fig.1, we plot these ratios as a function of the pseu-
doscalar mass MA for values of tan β = 7 and 20, respectively and for fixed A0 = 0, and
M1/2 = 1 TeV. In the lower panel, the M1/2 value has been decreased to M1/2 = 200 GeV.
In both panels, the values ofMA have been obtained by random values of the m0 parame-
ter, in the region of 1 TeV to about 3.5 TeV. Recall that we have in mind the constrained
MSSM scenario so that the values ofMA are outputs. In the first case (M1/2 = 1 TeV) the
differences are small. Actually in this case we are far from the Focus Point region which
shows up for M1/2 << m0 values. However, in the second case (M1/2 = 200 GeV), we are
well within the Focus Point region, since M1/2 << m0 and we observe that (∆µ)
′/µtree
is greatly enhanced, reaching values as large as 80%. Note, however, that the refined
ratio ∆µ/µtree, although still large, is almost half of it, never exceeding 45%. Thus such
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differences may affect the SUSY spectrum and, in particular, the neutralino and chargino
sectors, and less the stop and sbottom mass spectrum, through the left/right squark mix-
ings which depend on µ. We have estimated the relative difference of the 1−loop corrected
masses of the chargini and the lightest of neutralini with respect to their tree-level values
to be about 20% whereas according to the approach followed in [11], this difference can
reach 30− 40%.
Last, in order to illustrate the effect of the gauge differences between the Landau and
the ’t Hooft gauge on the µ-parameter, we consider again the ratios ∆µ/µtree in the two
gauges. We find that the Higgs contribution is insensitive to the gauge choice, as shown in
the upper panel of fig.2. For the gauge bosons (lower panel), we observe a difference which
is almost tripled, in passing from the ’t Hooft to the Landau gauge, but the corresponding
ratios ∆µ/µtree are small, at per mille level, unable to account for a sizable effect on µ.
Therefore gauge dependences of µ, which is a gauge dependent quantity in approaches
that it is not an input but it is derived from the minimization conditions, are quite small.
In view of this, tree level masses are almost gauge independent despite the fact that they
may depend on µ. This justifies their use as approximations to physical masses whenever
needed.
4 Conclusions
We refine the calculation of the Higgs contributions to the effective potential in the con-
strained supersymmetric model with universal boundary conditions at the unification
scale. Our results can be easily generalized to non-minimal models. We demonstrate the
impact of this calculation on the one-loop corrected µ parameter and its consequence on
the mass spectrum, in particular on the chargino and neutralino masses in certain regions
of the parameter space. The estimated results are shown to be quite different, as com-
pared to those presented in the literature, when we are within the Focus Point region of
the parameter space describing the CMSSM. We also discuss the effect of the gauge de-
pendence on the µ parameter as this is determined by the minimization conditions in the
’t Hooft and the Landau gauges. We found that the differences between the two gauges
are extremely small, of the order of 1%, due mainly to the gauge bosons contribution.
Thus the µ- dependent tree level masses are almost gauge independent and can be used
8
as physical masses if they are the dominant contributions to the propagators.
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Appendix
CP-even Higgs H, h
The amount of differences in the 1-loop effective potential between Landau and ’t
Hooft gauge in the DR scheme, are found to be
δH,hi =
α2
64pi cos2 θW
(f
(
M2H
)− f (M2h))Ai , i = 1, 2 (21)
where
A1 = 2 cos
2 βM2Z + (sin
2 β − cos 2β)M2A
M2H −M2h
− 2 cos 2a+ sin 2a tan β
A2 = 2 sin
2 βM2Z + (cos
2 β + cos 2β)M2A
M2H −M2h
+ 2 cos 2a+ sin 2a cotβ (22)
The CP-even Higgs mixing angle α is given at the tree level by
tan2α = tan2β
M2A + M
2
Z
M2A − M2Z
(23)
Loop corrections are known to have an important effect on α and this has been taken into
account in our numerical procedure.
Charged Higgs
δ
H±
1 = 0 , δ
H±
2 = 0 (24)
CP-odd Higgs A
δA1 = 0 , δ
A
2 = 0 (25)
Gauge bosons
δgauge1 = −
α2 cos2β
32 pi cos2θW
[ f(M2W ) +
1
2
f(M2Z) ] , δ
gauge
2 = − δgauge1 (26)
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Figure 1: The ratio ∆µ/µtree in the Landau gauge as a function of MA for the inputs displayed
in the figures and µ > 0. The solid lines are the ratios ∆µ/µtree according to section 2. The
dashed lines are the same ratios calculated as in reference [11], denoted by ∆µ′/µtree in the
main text.
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Figure 2: The ratio ∆µ/µtree calculated both in the Landau and in the ’t Hooft gauge as a
function of MA for the inputs displayed in the figures and µ > 0. In ∆µ, the contribution of the
Higgs bosons (upper panel) and the vector bosons (lower panel) are separately displayed. The
results in the Higgs case are almost identical as seen in the top panel.
12
